record magnetic blocking temperature of 60 K, including hysteresis with coercivity. The exceptional magnetic axiality of 2Dy is further highlighted by computational studies, which reveal this system to be the first lanthanide SMM in which all low-lying Kramers doublets correspond to a well-defined MJ value, with no significant mixing even in the higher doublets.
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The drive to combine the macroscopic properties of bulk magnetic materials with the quantum effects observed in molecule-based materials has led to an explosion of interest in single-molecule magnets (SMMs).
[1]
In addition to the considerable fundamental interest in SMMs, several systems have been proposed for applications in nanoscale devices, such as molecular spin valves and spin transistors.
[2] Molecule-based magnets offer the advantage of well-defined, tunable properties based on correlations that consider how the electronic structure of individual metal ions can be influenced by the coordination environment. For SMMs, the critical factors are now recognized as being the magnetic anisotropy of individual metal ions and the strength and the symmetry of the ligand field. Many of the most spectacular advances have therefore been achieved with lanthanide SMMs, especially complexes of the highly anisotropic Ln 3+ cations of terbium, dysprosium, holmium and erbium. [3] [4] [5] [6] One of the most striking trends to have emerged recently is that improved properties can be achieved by targeting the synthesis of structurally simple monometallic SMMs rather than complex polynuclear compounds. This approach seemingly provides the most facile means of controlling the symmetry of the lanthanide coordination site, allowing progress towards SMM properties being observed at practical temperatures. A transformative breakthrough came with the report of slow magnetic relaxation in a D4d-symmetric monometallic terbium phthalocyanine SMM, [7] with many derivatives of these systems
showing enhanced properties such as larger effective energy barriers to reversal of the magnetization (the anisotropy barrier, Ueff) as a result of simple modifications to the ligand periphery. [8] A recent series of reports on D5h-symmetric SMMs with the general formula [Dy(OR)2(L)5] + have produced huge Ueff values, [9] however even in these remarkable SMMs, the magnetic hysteresis properties typically feature zero-field quantum tunneling of the magnetization (QTM), which precludes potential applications in information storage. Our contributions have focused on cyclopentadienylligated dysprosium SMMs of the type [(Cp)2Dy(E)]n (n = 2, 3) with various Cp ligands and a wide variety of heteroatom donor ligands, including systems with E = N, P, As, Sb, S and Se donors. [10] The key magneto-structural correlation arising from this work is that the Crystallographic studies revealed that 1Dy adopts a bent metallocene structure with two symmetry-related Cp ttt ligands ( Figure 1 , Table S1 ). The Dy-Cl distance is 2.5400 (13) Table S1 ). The Dy-Cpc distances of 2.324(1) and 2.309(1) Å are also commensurately shorter owing to the greater electrostatic attraction of the Cp ttt ligands to the low-coordinate dysprosium centre. The Cpc-Dy-Cpc angle in 2Dy is 152.845(2), hence overall the cation 2Dy is more compact and slightly closer to linearity than the metallocene unit in 1Dy. -, which is an initiator for the cationic polymerization of isobutene. [13] The cation 2Dy is the first rare-earth and the first fblock metallocenium cation. The only other base-free rare-earth bis(cyclopentadienyl) complexes are those of the limited selection of stable divalent lanthanides, such as the archetypal compound decamethylsamarocene. [14] Although related to 2Dy, the rare-earth contact ion-pairs [(Cp*)2M(-Ph)2BPh2] show welldefined cation- bonding interactions between the tetraphenylborate anion and the metal. [15] The temperature dependence of MT, where M is the molar magnetic susceptibility, was measured for 1Dy and Figure S4 ). The frequency () dependence of the out-ofphase magnetic susceptibility ('') for 1Dy showed no maxima at any temperature accessible by our SQUID magnetometer, hence it was not possible to extract an anisotropy barrier for this compound. The field-dependence of the magnetization for 1Dy showed a typical S-shaped curve with only very small openings at fields of H  0.1-1.0 T ( Figure S5 ). In stark contrast, the AC susceptibility studies on [9a]
To probe the magnetic relaxation behaviour at lower temperatures, DC magnetic measurements were employed in order to extract relaxation times from plots of the remnant magnetization as a function of time ( Figure S8 ). The result of this analysis is that the linear dependence of  on T persists down to 53 K, which, strikingly, corresponds to a relaxation time of  = 100 s, and can therefore be used to define the magnetic blocking temperature, TB, for 2Dy. [3] The most notable recent example of an SMM for which comparable data were reported is a the radical-bridged species [Tb2(N2){N(SiMe3)2}4(thf)2] -, [3] which has a 100 s blocking temperature of only 13.9 K, hence the blocking temperature for [2Dy][B(C6F5)4] is by far the largest ever reported, and provides a major advance towards the development of SMMs that function above the symbolic temperature 77 K, at which nitrogen liquefies. In the extended low temperature range, the relaxation develops a slight curvature, suggesting that Raman relaxation is more dominant. Another definition of blocking temperature is the temperature at which the field-cooled (FC) and zero-field-cooled (ZFC) magnetic susceptibility diverge. Under these conditions, the results are remarkable, with the M(H) loops remaining open up to 60 K, which is substantially higher than any previously observed hysteresis in an SMM (Figures 2, S10 ). Even more remarkable is the coercive field of Hc = 0.06 T at 60 K. At temperatures of 55-2 K, the hysteresis loops are wider still, with the coercive fields in the range 0.19-2.46 T. Although comparisons of hysteresis measured for SMMs are rendered complicated by the use of different sweep rates, it is clear that the hysteresis properties of [2Dy][B(C6F5)4] surpass those of the radical-bridged di-terbium species [3] and of the D5h-symmetric dysprosium complexes, [9] and therefore that our system is the new benchmark for the field. Detailed insight into the magnetic properties of 1Dy and 2Dy was obtained through ab initio calculations, which used the experimentally determined atomic coordinates for all heavy atoms, with the positions of hydrogen atoms being optimized at the DFT level. The energies of the eight lowest Kramers doublets (KDs) of 1Dy and 2Dy of the 6 H15/2 multiplet of Dy 3+ , along with the principal components of the respective g-tensors and the angles between the ground and excited doublets are listed in Table S2 . The principal axes of the ground doublets in 1Dy and 2Dy are oriented towards the centres of the [Cp ttt ]
ligands ( Figures 3, S11 ), in broad agreement with a theoretical study on the hypothetical species [(Cp*)2Dy] + . [16] Focusing on 2Dy, all except the eighth KD have almost axial g-tensors. Up to the fourth KD, the tensors are essentially perfectly axial, and the axiality remains high in the fifth KD. Above this, the transverse components of the g-tensor become significant, and in the eighth KD the gx component dominates. All excited KDs are roughly parallel with the ground doublet, with the largest deviation of 5.6° being that between the ground and the fifth KDs. In contrast, the ground doublet in 1Dy has a fairly axial g-tensor with small but non-negligible transverse components, suggesting that this tensor is not axial enough to sufficiently suppress quantum tunneling of magnetization (QTM) within the ground doublet, as observed experimentally. [17] The splitting of the 6 H15/2 multiplets in 1Dy and 2Dy was further studied by calculating the decomposition of the SO-RASSI wave functions of the eight lowest KDs into projections onto the |JMJ> states, where J = 15/2 (Table S3) . [18] Significantly, in 2Dy each of the sixteen lowest states has a large projection onto one given |JMJ> state. The smallest projection is 0.964 in the sixth KD with MJ = 5/2. All the crystal field states of the 6 H15/2 multiplet in 2Dy can therefore be assigned to one MJ value, and no significant mixing between the states occurs. To the best of our knowledge, this is the closest to a perfectly axial crystal field observed in any molecular lanthanide complex. In contrast, the equatorially coordinated chloride in 1Dy leads to strong mixing between states with different MJ projections. Although projections onto the MJ = 15/2 states in the ground doublet are still fairly large (0.909), in the first excited doublet the projection onto the MJ = 13/2 states are only 0.586, and beyond this the states are strongly mixed. Based on the calculations, mechanisms for the relaxation of magnetization in 1Dy and 2Dy can be proposed (Figures 4,  S12) . [19] In 1Dy, the matrix elements connecting the MJ = 15/2 states are substantial, hence ground-state QTM is highly efficient and represent the dominant relaxation process. In 2Dy, the QTM is effectively blocked in the ground doublet and the first two excited doublets. Starting from the ground doublet, the transition matrix element grows roughly an order of magnitude within each following doublet, in agreement with the increasing transverse components of the respective g-tensors. The QTM starts to become non-negligible in the fourth KD, and in the sixth KD it is dominant. The energy of the sixth doublet (1156 cm -1 ) agrees well with the experimentally observed effective barrier height (1277 cm -1 ). The almost perfectly linear temperature dependence of  (Figure 2 ) suggests that Raman processes are not significant above the blocking temperature, and the effective barrier height should correspond to the energy of the highest doublet involved in the relaxation mechanism. The energy of the seventh doublet (1270 cm -1 ) is closer to the experimental value than that of the sixth doublet, however, the strong QTM in the sixth doublet makes it extremely unlikely that the relaxation would proceed via any higher doublet. The small deviation between the energy of the sixth doublet and Ueff most likely results from neglecting electron correlation outside the 4f orbital space in the CASSCF calculations. In summary, the complex cation [(Cp ttt )2Dy] + (2Dy) gives rise to unprecedented single-molecule magnet properties, including a record anisotropy barrier and, more notably, magnetic blocking temperatures and coercivity that far exceed, those described for all previous SMMs. The properties of 2Dy arise from the exceptional magnetic axiality of Dy 3+ in the bis(cyclopentadienyl) ligand environment. Theoretical studies of 1Dy and 2Dy have provided clear insight into the origins of the facile QTM in the former and the effective suppression of QTM in the latter, leading to dominant relaxation via the sixth Kramers doublet. Having established a new benchmark in molecular magnetism that pushes the blocking temperature much closer to the symbolic temperature of 77 K, the next challenge is to develop new SMMs with properties that exceed those of 2Dy.
